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A river cuts through rock,
not because of its power,
but because of its persistence.
 –  Jim Watkins
High quality water is more than the dream of the conservationists,
more than a political slogan; high quality water, in the right quantity
at the right place at the right time, is essential to health, recreation,
and economic growth.
Of all our planet's activities – geological movements, the reproduction
and decay of biota, and even the disruptive propensities of certain
species (elephants and humans come to mind) – no force is greater
than the hydrologic cycle.
–  Richard Bangs and Christian Kallen, Rivergods, 1985
Water is the most critical resource issue of our lifetime
and our children's lifetime.
The health of our waters is the principal measure of
how we live on the land.
–  Luna Leopold
Water, the Hub of Life.
Water is its mater and matrix, mother and medium.
Water is the most extraordinary substance!
Practically all its properties are anomalous, which enabled life to use
it as building material for its machinery.
Life is water dancing to the tune of solids.
– Albert Szent-Gyorgyi, 1972
Some people feel the rain,
others just get wet.
 – Bob Marley
Life is like a river,
you cannot touch the same water twice,
because the flow that has passed will never pass again.
Enjoy every moment in life.
–  Author Unknown
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7ABSTRACT
Urbanization is a growing phenomenon causing a substantial increase in impervious surfaces
and thereby alterations in the hydrological cycle, e.g. by increasing runoff volumes and
intensities that can lead to urban flooding. Furthermore, urban runoff can be harmful or toxic
to receiving water bodies due to various pollutants originating from urban environments.
Internationally, urban runoff is considered as one of the most important surface water
pollutant sources. The characteristics of urban runoff are known to vary greatly between land
use types and climates. However, in cold climates, only a few studies have tackled urban
runoff phenomena and these studies rarely include catchment-based and long-term monitoring
on both runoff quantity and quality. Yet, to develop successful urban runoff management
practices, knowledge on runoff characteristics from various urban sites that are intensively
monitored for several pollutants throughout the year is required. The aim of this thesis was to
fill gaps in our knowledge on the effects of urbanization on runoff characteristics and to study
the mechanisms affecting runoff generation and pollutant transport during vastly divergent
seasons in cold climates.
This research was conducted in the city of Lahti, southern Finland, and comprised three urban
catchments of varying imperviousness: High catchment (city centre, total impervious area
[TIA], 89%), Intermediate catchment (city centre, 62%) and Low catchment (residential,
19%). At each catchment, continuous measurements on runoff flow rate and precipitation
were carried out for a period of two years between 2008 and 2010. In addition, runoff samples
were taken from rainfall-runoff and snowmelt events based on flow-proportional sampling.
From the samples, concentrations were analysed for total nitrogen (tot-N), total phosphorus
(tot-P), total suspended solids (TSS), total and dissolved heavy metals (Zn, Cu, Cr, Mn, Al,
Co, Ni, Pb) and total organic carbon (TOC).
I showed that in cold climates, annual runoff volumes, most pollutant loads and some of the
pollutant concentrations increased with increasing imperviousness. Furthermore, urbanization
altered runoff generation (volume, intensity, duration, number of events) more strongly during
the warm than the cold period. However, when the summer was dry and the winter wet, the
effects of urbanization on annual runoff volumes diminished – most likely due to snow
removal. The spring snowmelt period began earlier and occurred as several events at the city
centres in comparison to the low-development catchment. In contrast with patterns observed
during warm periods, cumulative runoff volumes during cold periods decreased with
increasing urbanization when TIA reached about 60%. Nevertheless, urbanization increased
both warm and cold period loads for most pollutants. However, the mechanisms controlling
runoff event quality were distinct between seasons: during cold periods event loads and
concentrations were mainly increased by long event durations, yet, during warm periods the
peak intensity of runoff was the main increasing factor whereas concentrations tended to
decrease as event durations increased. Because of snow removal in the High catchment with
TIA  of  89%,  snowmelt  volumes  during  spring  were  not  affected  by  the  amount  of
precipitation. In addition, at the High catchment, warm periods contributed more to annual
volumes than cold periods, contrary to the pattern observed at the Low catchment.
Irrespective of land use, the largest seasonal pollutant loads and concentrations for several
pollutants occurred during spring. However, the importance of the warm season in annual
pollutant load generation increased with increasing urbanization. This study provides updated
data  on  pollutant  unit  loads,  especially  for  city  centres  and  for  heavy  metals.  This  thesis  -
applying a catchment-based approach - also showed, for the first time how the seasonality of
runoff volumes and loads change at highly impervious city centres.
8ABBREVIATIONS
ADP Antecedent dry weather period
Dur Runoff event duration
EIA Effective impervious area
EMC Event mean concentration
EML Event mass load
Int Mean runoff intensity
LU Land use
P Total event precipitation
Pmax Maximum 10-minute rainfall intensity
R Total runoff volume
Rsw Stormwater runoff volume
R2 Coefficient of determination
SEE Standard error of the estimate
SMLR Stepwise multiple linear regression
TIA Total impervious area
TOC Total organic carbon
tot-N Total nitrogen
tot-P Total phosphorus
TSS Total suspended solids
Qmax Peak flow
91. INTRODUCTION
1.1 Urbanization and runoff-induced problems
Urbanization is increasing globally, resulting in densification and an increase in the urban
population (DeFries et al., 2010; Cettner et al., 2014). Also in Finland, over 80% of the
population currently lives in urban areas (Ristimäki et al., 2003). Consequently, the
proportion of impervious surfaces that play a crucial role in the water cycle, such as rooftops,
roads and sealed yards has increased. The percentage of impervious coverage is often
described as land use intensity of a given catchment (Schueler, 1994; Arnold and Gibbons,
1996; Cheng et al., 2010) that varies typically from 20 to 95 % between divergent land uses,
such as residential and commercial areas (Arnold and Gibbons, 1996). Due to
imperviousness, the infiltration of rainfall and evapotranspiration diminish in cities, causing
changes in the hydrological cycle, especially increasing surface runoff volumes, i.e.
stormwater runoff (Lee and Heaney, 2003; Moon et al., 2004; Burns et al., 2005). In addition,
imperviousness has been shown to increase stormwater flow rates, peak flows and to reduce
flow durations and base flow rates of rainfall-runoff (Leopold, 1968; Schueler, 1994, 2009;
Moon et al., 2004; Huang et al., 2008; Burns et al., 2012), which have caused urban floods
(Walesh, 1989; Goldshleger et al., 2009) and erosion problems (Booth et al., 2002).
In Finland, as in many other countries, most of the urban runoff is conveyed, untreated, to
nearby surface waters via sewers or open ditches. Due to the contamination potential of fast-
conveying piped systems, drainage is considered unsustainable (Cettner et al., 2014).
Moreover, urban runoff is considered one of the most important diffuse pollution sources
(Arnold and Gibbons, 1996; Burton and Pitt 2002; Kim et al. 2003; Blecken et al., 2012;
Fletcher et al., 2013). A variety of urban runoff pollutants, such as nutrients, metals, oils and
organic contaminants, cause water quality degradation and toxicity, eutrophication, habitat
loss  and  ecological  and  health  risks  (Harremoës,  1988;  Davis  et  al.,  2001;  Burton  and  Pitt,
2002; Marsalek, 2006).
Many studies describing urban runoff characteristics and alterations in the urban hydrological
cycle have been conducted in warm and temperate climates where runoff generation and
pollutant wash-off are determined by rainfall-runoff. In cold climates, these processes are
strongly controlled by seasonal variation in temperatures and in the type of precipitation, i.e.
snowfall and rainfall (Buttle, 1990; Brezonik and Stadelmann, 2002; Matheussen, 2004;
Helmreich  et  al.,  2010).  However,  summer  storms  form  the  basis  for  the  design  of  urban
drainage systems in cold climates (Semádeni-Davies and Bengtsson, 2000) even though cold
seasons can contribute significantly to annual runoff volumes and pollutant loads in urbanized
areas (Semádeni-Davies and Bengtsson, 2000; Bäckström et al., 2003; Sillanpää, 2013).
Moreover, previous studies have emphasized the importance of seasonal urban runoff in
stormwater management planning (Dougherty et al., 2006; Sillanpää, 2013; Eimers and
McDonald, 2014). Current knowledge on seasonal urban runoff characteristics in cold
climates is described in the following sections.
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1.2 Urban runoff generation under cold climatic conditions
In Finnish rural sites, variation in weather causes two annual peaks in runoff volumes: one in
the spring and the other in the autumn (Gottschalk et al., 1979; Laurén et al., 2005). The
runoff peak during spring results from the accumulation of snow during winter months when
approximately 40% of the annual precipitation falls as snow (Heino and Hellsten, 1983;
Kuusisto, 1986).
The few studies on urban hydrology in cold climates have emphasized the unique
characteristics of urban runoff under cold climatic conditions. Even though the long-term
effects of increasing urbanization on runoff characteristics were often similar to those
reported for warmer climates (Novotny, 1992; Mitchell, 2001, 2005; Göbel et al,. 2006; Clark
and Pitt, 2012) the cold climate studies report strong seasonal variation especially in runoff
volumes. In addition, the runoff contributing areas become larger during the cold season
compared to the growing season as a consequence of reduced evapotranspiration and frozen
and saturated soils, which lead to the generation of runoff also from permeable surfaces
(Taylor, 1977, 1982; Melanen and Laukkanen, 1981; Thorolfsson and Brandt, 1996;
Semádeni-Davies and Bengtsson, 1999; Thorolfsson, 2007; Sillanpää, 2013). Urbanization
can  also  alter  the  snowmelt  period  by  increasing  the  number  of  small  runoff  melt  events
instead of one large spring runoff (Buttle, 1990; Oberts, 1994; Semádeni-Davies and
Bengtsson, 2000; Sillanpää, 2013)
Snow, which acts as storage for water, is usually redistributed by anthropogenic activities in
urban environments, such as snow ploughing and removal. The relocation of snow and a
lowered snow-albedo in urban areas lead to uneven snowmelt (Buttle and Xu, 1988;
Bengtsson and Westerström, 1992; Semádeni-Davies and Bengtsson, 1999; Bengtsson and
Semádeni-Davies, 2000). Furthermore, snow removal can reduce runoff volumes in city
centre areas (Bengtsson and Westerström, 1992; Semádeni-Davies and Bengtsson, 1999).
However, spring runoff can contribute significantly to annual runoff volumes also in
urbanized catchments (Taylor, 1977, 1982; Semádeni-Davies and Bengtsson, 1999; Koivusalo
et al., 2006; Sillanpää, 2013). Moreover, Buttle and Xu (1988) showed that a suburban area in
Ontario, Canada produced more snowmelt compared to a rural site, yet runoff volumes
between different residential densities in Espoo, Finland were rather similar during cold
seasons (Sillanpää, 2013). Hence, conflicting results, regarding the impacts of urbanization on
runoff volumes during the cold season, have been reported calling for further studies from
various urban settings especially during cold months.
During cold months, increasing imperviousness may also change runoff intensities as Buttle
and Xu (1988) reported higher snowmelt rates in a suburban area compared to a rural site, and
Westerström and Singh (2000) showed that snowpack covering asphalt and/or gravel melts
faster than snow covering grassy areas. Catchment-, road- and experimental plot-scale studies
as well as modelling studies on urban runoff processes under cold conditions (Buttle, 1990;
Bengtsson and Westerström, 1992; Westerström and Singh, 2000; Matheussen, 2004; Valeo
and Ho, 2004; Semádeni-Davies et al., 2008; Sillanpää, 2013) have reported that increased
imperviousness is often related to earlier spring melt and increased melt intensities, thereby
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also  changing  the  occurrence  of  spring  runoff.   However,  summer  storms  can  still  exhibit
highest seasonal runoff intensities in cold climate countries (Sillanpää, 2013). Therefore, the
temporal occurrence of peak runoff intensities in urbanized areas remains uncertain for cold
climates.
Despite cold period peculiarities, the most prominent seasonal differences in the generation of
runoff have been observed to occur during the warm season between low- and medium
density residential catchments in Finland (Sillanpää, 2013) and in urbanizing catchments in
Washington D.C. (Dougherty et al., 2006). Moreover, runoff generation during warm months
supports the common consensus that urbanization increases stormwater runoff volume,
intensity and the number of runoff events, also in cold climates (Leopold, 1968; Taylor, 1977;
Schueler, 1994; Westerström and Singh, 2000; Burns et al., 2005, Sillanpää, 2013).
Given the large spatio-temporal variability in environmental factors, e.g. snow removal,
weather conditions, duration of the cold period, depth of snow cover and soil moisture content
prior to snowmelt, the predictability of urban runoff generation can be challenging under cold
climatic conditions (Buttle and Xu, 1988; Bengtsson and Westerström, 1992; Oberts, 1994;
Matheussen, 2004), requiring research covering all seasons and various urban land uses.
1.3 Urban runoff pollutant transport under cold climatic conditions
Urbanization introduces a variety of pollutant sources (Table 1) that depend not only on
imperviousness but also on land use type and the various activities that occur at a site, such as
traffic, parking, population land use activities and snow handling (Bengtsson and
Westerström, 1992; Novotny, 1992; Semádeni-Davies and Bengtsson, 1999; Viklander, 1999;
Mitchell, 2001, 2005; Göbel et al., 2006; Clark and Pitt, 2012). Urban runoff pollutants that
are typical to various land use types include e.g., nutrients, solids, metals, fertilizers,
pesticides, oils and hydrocarbons, most of which have been classified as part of the
stormwater priority pollutants according to the Water Framework Directive (Eriksson et al.,
2007). Pollutants that are flushed into the runoff originate from various surface structures (e.g.
metals from rooftops), or are derived from wet- (e.g. ions, ammonium, phosphate, sulphate)
or dry-deposition (e.g. dust, aerosols, gasses) (Melanen, 1981; Göbel et al., 2006), with most
being particulate bound (Sansalone and Buchberger, 1997).
However, in cold climatic regions, pollutant sources can differ between warm and cold
months, and emissions from combustion and vehicles tend to increase during winter (Oberts,
1994; Hautala et al., 1995; Bäckström et al., 2003; Hallberg et al., 2007; Marsalek, 2003;
Reinosdotter, 2007). Furthermore, the use of de-icing salts causes the elution of metals from
vehicles, while snow ploughing, studded tyres and anti-skid materials applied for traction
control increase the abrasion of road materials (Armhein et  al.,  1992; Hallberg et  al.,  2007).
As  a  result,  concentrations  of  TSS,  TOC and several  heavy  metals  in  stormwater  are  many
times higher in snowmelt runoff than in warm period runoff (Brezonik and Stadelmann, 2002;
Bäckström et al., 2003; Westerlund et al., 2003; Westerlund and Viklander, 2006; Helmreich
et al., 2010). However, Sillanpää (2013) and Semádeni-Davies and Titus (2003) reported that
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patterns in seasonal runoff pollutant concentration may also depend on land use and the
pollutant in question. It has also been shown that during the cold season, pollutant
concentrations  dilute  in  low-density  urban  areas  due  to  snowmelt  from  clean  snow  on
pervious green surfaces (Sillanpää and Koivusalo, 2013). To conclude, seasonal patterns of
urban runoff contamination require more research in urbanized catchments.
Table 1. Sources  of  common  urban  runoff  pollutants  (House  et  al.,  1993;  Massachusetts
Department of Environmental Protection and Massachusetts Office of Coastal Zone
Management, 1997; D´Arcy et al., 2000; Moy et al., 2003).
Pollutant loads are known to increase with increasing imperviousness or changing land use
type in various climates (Novotny, 1992; Viklander, 1999; Mitchell, 2001, 2005; Göbel et al.,
2006; Clark and Pitt, 2012; Sillanpää, 2013). However, under cold conditions, pollutant loads
also exhibit strong seasonal patterns, similar to the generation of runoff. Previous studies have
shown that besides rural areas, snowmelt and rain-on-snow events can generate some of the
highest seasonal loads in urban areas (Hautala et al., 1995; Bäckström et al., 2003; Laurén et
al., 2005; Hallberg, 2007; Westerlund, 2007). However, Sillanpää (2013) observed that none
of the seasons played a particularly larger role in annual runoff pollutant load export in
Finnish residential catchments. Hence, it is still unclear how urbanization affects the
importance of the spring season in generating annual loads.
Export mechanisms that control runoff quality are affected by several factors related to e.g.,
weather, climate, imperviousness and land use type (Schueler, 1994; Brezonik and
Stadelmann, 2002; Dougherty et al., 2006; Göbel et al., 2006; Sillanpää, 2013). For example,
the intensity and quantity of runoff and rainfall, as well as antecedent weather conditions are
known to influence runoff pollutant concentrations and mass loads of the rainfall-runoff
events (LeBoutillier et al., 2000; Brezonik and Stadelmann, 2002; Marsalek, 2003; Kayhanian
et al., 2007; Brodie and Dunn, 2010). However, there are numerous site and pollutant specific
differences in the relationship between hydrological factors and runoff event quality (Driver
and Tasker, 1990; Vaze and Chiew, 2003; Crabtree et al., 2006; McLeod et al., 2006;
Kayhanian et al., 2007; Helmreich et al., 2010; Liu et al., 2013; Sillanpää, 2013).
Traffic Industry Housing Other
Nitrogen x x x x x x x
Phosphorus x x x x x x x
Solids x x x x x x x
Sulphate x x
Sulphur oxides x x
Chloride x x
Heavy metals x x x x x
PAHs x x x x
VOCs x x
Oils and hydrocarbons x x x x
Pesticides x x x x
Coliform bacteria x x x
Atmos-
phere Rooftops
Construc-
tion sites
Green
areas
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Moreover, due to the characteristics of seasonal urban runoff described above, runoff quality
is more difficult to predict during cold months than warm ones (Marsalek et al., 2000) and the
mechanisms controlling pollutant transport have seasonal differences (Westerlund and
Viklander, 2006). For example, Westerlund and Viklander (2006) showed that during
snowmelt, pollutant concentrations are influenced by the intensity of runoff while during
rainfall seasons the length of the preceding dry weather can also influence runoff quality.
Sillanpää and Koivusalo (2013) suggested that differences in pollutant concentrations during
snowmelt between residential catchments can be explained by local snow properties: clean
snow in low-density areas dilutes pollutant concentrations in comparison to high-density
areas, where the larger mass storage of polluted roadside snow results in higher pollutant
concentrations in snowmelt runoff. However, most studies reporting the connection between
runoff quality and hydrological variables in cold climates have only been conducted during
warm seasons (Brezonik and Stadelman, 2002; LeBoutillier et al., 2000; McLeod et al., 2006;
Sillanpää, 2013). Yet, it is well established that annual or rainfall-period models do not
always reveal seasonal associations between runoff variables and runoff quality (see e.g.
Dougherty et al., 2006).
1.4 Urban runoff research needs under cold climatic conditions
As described above, studies carried out in urbanized catchments and road sites (Table 2)
report seasonal variation in runoff generation and pollutant export.  Indeed, characteristics of
urban runoff during winter conditions merit more attention since urbanization has distinctive
impacts on hydrological phenomena in cold regions (Buttle and Xu, 1988; Semádeni-Davies
and Bengtsson, 1999; Westerström and Singh, 2000; Matheussen, 2004).
However, only a few catchment-scale studies exist in which both runoff quantity and quality
were assessed in cold climates (Table 2) even though the combined effects of pollutant
concentration and runoff volume are crucial for stormwater management design (Sillanpää,
2013). In addition, we lack year-round runoff data collection comprising several pollutants
(Bäckström et al., 2003; Westerlund and Viklander, 2006; Hallberg, 2007; Helmreich et al.,
2010), which is important for understanding of long-term urban runoff patterns. To obtain
reliable data that cover the large variation in runoff characteristics, continuous measurements
with high resolution are required (Sillanpää, 2013; Kyllmar et al., 2014). Catchment-scale
studies also lack knowledge on pollutant load generation from highly impervious city centre
catchments (total impervious area > 60 %) (Sillanpää, 2013), which presumably generate the
highest pollutant loads in urban settings. Hence, alterations in urban runoff characteristics
along a gradient of increasing urbanization up to highly urbanized catchments require further
investigation, particularly in cold climate
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2. OBJECTIVES
The main objective of this thesis was to identify and quantify how urbanization alters runoff
generation and pollutant transport of several common urban runoff pollutants under cold
climatic conditions during different seasons. The study was conducted in the city of Lahti,
Finland, at three small urban catchments of varying land use intensities ranging from low-
density residential to high-density city centre. The study covered two years of continuous
measurements on runoff quantity and quality, and precipitation during the warm periods.
The first paper (I) investigates how land use intensity affects runoff generation and its
temporal occurrence according to the season. The second paper (II) reports the impacts of
land use and catchment imperviousness on runoff pollutant (tot-P, tot-N, TSS, heavy metals,
TOC) concentrations, loads and their seasonal patterns. Finally, the third paper (III) combines
runoff quantity and quality data by identifying relationships between hydrological runoff
event factors, catchment characteristics and runoff quality (event pollutant loads and
concentrations) and by studying if the mechanisms controlling runoff quality are altered
between the seasons.
The main hypotheses in this thesis were that in cold climates:
1) Increasing imperviousness increases annual and seasonal runoff volumes, runoff
intensities and the number of runoff events (I).
2) Increasing imperviousness changes runoff occurrence between seasons and during the
spring thaw, and shortens the duration of events (I).
3) Higher levels of urbanization increase runoff pollutant concentrations and loadings,
but the effects of urbanization are season dependent so that the greatest differences in
runoff quality between different land uses occur during warm months (II).
4) Higher levels of urbanization alter the seasonality of pollutant loadings by shifting the
largest seasonal loads from cold to warm periods of the year (II), mirroring patterns
observed for runoff generation in the first article (I).
5) Variation in runoff event quality can be better explained by runoff event variables
during the warm season than during the cold season (III).
6) The most influential runoff event variables affecting runoff quality are different
between the seasons due to seasonal differences in runoff and pollutant transport
mechanisms (III).
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3. MATERIALS AND METHODS
3.1 Study catchments
The study was carried out in the city of Lahti (60°59′00″N, 25°39′20″E, population 102 000
in 2011), southern Finland, located in the boreal climatic zone. Mean annual precipitation in
Lahti is 633 mm and the number of rainy days (> 1 mm) is 117, of which 58 occur during
cold months (Kersalo and Pirinen, 2009). The length of the winter period is 135 – 145 days
and the summer lasts for 110 – 120 days. Average monthly temperatures from November to
March range between -0.8 and -7.3 oC and from April to October between 2.8 and 16.6 oC.
Three  urban  catchments  were  selected  within  the  city  of  Lahti  according  to  their  land  use
intensity and type: Taapelipolku (high land use intensity site, hereafter referred to as the High
catchment), Ainonpolku (intermediate land use intensity site, the Intermediate catchment) and
Kilpiäinen  (low land  use  intensity  site,  the  Low catchment)  (Table  3,  Fig.  1).  Note  that  the
names of the study catchments in here and in the papers I-III do not refer to the altitudes of
the catchments but the imperviousness. Land use intensity was defined as the percentage of
total impervious area (TIA [%]). Two of the catchments, High and Intermediate, represent
land use types typical of Finnish city centres including commercial and residential apartment
buildings, while the Low catchment is situated in a residential area of detached housing. The
topography of the High catchment is mostly flat with one hill at the corner of the catchment.
Half of the Intermediate catchment is flat, the rest being located on a hillside. The constructed
part of the Low catchment is flat while the rest (over 50% of the area) is part of a forested hill.
The study catchments are drained by stormwater sewer systems that convey runoff to the
nearby lake Vesijärvi.
Table 3. Characteristics of the three study catchments, High, Intermediate and Low.
High Intermediate Low
Area (ha) 6.1 6.5 13
Total impervious area (%) 89 62 19
Green area (%) 10 24 81
Asphalt (%) 68 40 8
Rooftops (%) 20 20 11
Semipermeable surfaces (%) 0.7 1.9 0.5
Gravel surfaces (%) 1.2 14 0.1
Elevation range (m a.s.l.) 93 - 104 97 - 108 90 - 129
Inhabitants km¯² 11 000 7000 1400
Land use city centre/commercial incl.
apartment buildings
city centre incl. apartment
buildings
residential; single-family houses
Traffic  related characteristics
80% public transport and
commutation, 20% mix-used streets
and walkways
30% public transport and
commutation, 70% mix-used
streets and walkways
100% mix-used streets and
walkways
Soil type top soil  technosols and moraine top soil  technosols and
moraine
mixture of clay and moraine
with bedrock underneath the
organic soil  in the forested site
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Fig. 1. Aerial photographs of the three urban study catchments located in the city of Lahti
(map in the lower left corner). The study catchments from top to bottom: Low, High,
Intermediate. The red lines indicate catchment boundaries and the white squares the locations
of the measuring stations. More detailed descriptions of the catchments are presented in Table
3 below and figure 1 of article I.
3.2 Measurements and sampling
Measurements of runoff quality and quantity took place from 15 October 2008 until the end
of August 2010. Each catchment had a measurement station equipped with an automatic water
sampler (ISCO 3700) and an ultrasonic flow meter (Nivus PCM4) that was placed inside a
stormwater pipe (Figs. 2 and 3). At the Intermediate and Low catchments, precipitation was
measured using a tipping bucket rain gauge (Rainew 111). Precipitation data for the High
catchment were obtained from the Intermediate catchment, located 1 km away. Flow rate (l s-
1) was measured continuously at 1 min intervals throughout the study period and precipitation
was measured with 0.2 mm precision at 1 min intervals during the warm periods. During
notably cold winter periods when no runoff was detected, temporal resolution of the flow
measurements was reduced to two or three minutes. All data were collected using data loggers
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(Campbell CRX10) at each station. The on-site rain gauges were not equipped with heaters,
thus, data for winter precipitation were obtained from the Finnish Meteorological Institute
(Asko Hutila, personal communication), which collects precipitation data at 10 min intervals,
2 – 6 km from the study catchments.
Fig. 2. A stormwater sewer pipe with a flow sensor (at the lower end of the blue tubing) and a
sampling tube (white vertical tube) (photo on the left) and a rain gauge placed 5 m from the
measurement station (photo on the right).
Fig. 3. Measurement station including an automatic sampler, a data logger and a flow meter.
A heating device was installed for the cold months.
At each catchment, the sampler was programmed to take 1 L water samples based on
accumulated runoff volumes. Flow-proportional sampling frequencies altered between 10-200
m3 depending on the season and on upcoming predicted precipitation so that events of
different magnitudes could be sampled. Depending on the magnitude of the event, three to 51
samples per event were taken during rainfall-runoff events (runoff volumes varying 0.1-16
mm), and during snowmelt and rain-on-snow events (runoff volumes varying 0.1-145 mm).
Total nitrogen (tot-N), total phosphorus (tot-P), total suspended solids (TSS), total and
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dissolved heavy metals (Al, Co, Cr, Cu, Mn, Ni, Pb, Zn) and total organic carbon (TOC) were
determined from the runoff samples.
3.3 Chemical analysis of runoff samples
Before conducting chemical analysis, tot-N, tot-P and TOC samples were stored at -18°C in
plastic bottles. Tot-P concentrations were analysed using the Lachat instruments QuickChem
8000 (method 10-155-01-1-Q with oxidation SFS 3026; samples taken in 2009), or the
Shimadzu UV-2401PC spectrophotometer (SFS 3026:1986; samples taken in 2010).
Concentrations of tot-N were analysed using the Lachat QuickChem 8000 (method 10-107-
04-1-I with oxidation SFS 3026), or the modified method in Hioki and McLaren (2008) with
oxidation (SFS 3031:1990). In the latter, the column Waters IC-Pak Anion HC (150 mm, 4.6
mm diameter), the eluent 0.04 M NaCl (2.34 g L-1), and UV absorbance at 225 nm were used
in the analysis. The two methods gave similar concentrations for tot-N. TOC concentrations
were measured using the Apollo 9000hs TOC Analyser applying the SFS-EN 1484 method.
Before fixation, samples for dissolved metals were filtrated using glass microfiber GF/C
filters (pore size 1.2 μm). For total  and dissolved heavy metals the samples were fixed with
65% nitric acid (1:100) and stored at 5°C in plastic bottles before analysis. Before analysis,
fixed total metal samples were diluted depending on their concentration in a sample and
oxidized with 65% nitric acid (1:5) in an autoclave (121°C, 1 bar, 30 min). Indium was added
to all the samples as an internal standard. Both total and dissolved metals were analysed using
the Perkin Elmer Elan 6000 ICP-MS with the modified EPA method 2008.8, revision 5.4.
TSS were analysed immediately after the samples were taken using the ESS Method 340.2,
except during the winter of 2009 when samples were first stored at -18°C in plastic bottles.
3.4 Data analyses
3.4.1 Runoff events
Runoff events (rainfall-runoff, snowmelt, rain-on-snow) were separated from the flow data
during warm seasons based on rainfall events and base flow rates, and during cold seasons
based on base flow rates. For individual runoff events, the following parameters were
calculated: total runoff volume (R, [mm]),  stormwater  runoff  volume  (Rsw, [mm]), total
event precipitation (P, [mm]), mean runoff intensity (Int, [mm h-1]),  duration  of  rainfall
(Pdur, [h]), duration of runoff (Dur, [h]), length of the antecedent dry weather period (ADP,
[h]), maximum 10-minute rainfall intensity (Pmax, [mm 10 min-1]) and peak flow (Qmax, [l
s-1, l s-1 ha-1]). Total runoff volumes of the events were determined by using continuous flow
data that include both stormwater runoff and base flow. Stormwater, i.e. direct runoff, was
separated from total runoff by using constant base flow rates (Jovanović, 1986; Dayaratne,
2000; Blume et al., 2007) to ensure comparability of the results with previous Finnish
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stormwater studies (Melanen, 1981; Sillanpää, 2013). Therefore, stormwater runoff likely also
includes minor inputs of base flow. The volumetric runoff coefficient (stormwater
runoff/precipitation) was determined for each rainfall-runoff event. Time of concentration
was calculated as the time laps between the occurrence of maximum rainfall intensity and that
of peak flow. Time of concentration was also calculated using the Kerby Method (I, Equation
1) (Kerby, 1959; Mark and Marek, 2011).
Event  mass  load  (EML,  [kg,  g])  was  calculated  for  each  sampling  event  as  the  sum  of
pollutant mass loads that was determined by multiplying each discrete concentration within an
event with its corresponding total runoff volume, a method described in Huber (1993) and
Charbeneau and Barrett (1998). After this, event mean concentration (EMC, [mg/l, μg/l]) was
defined as the ratio of EML to event runoff volume.
3.4.2 Annual and seasonal runoff volumes and loads
Because measurements only covered a period of 21 months, data for two full years were
obtained by splitting measurements into two one-year periods: winter 2008 to autumn 2009
and autumn 2009 to summer 2010. Seasonal runoff volumes and pollutant loads were
calculated for three-month periods representing winter (December - February), spring (March-
May), summer (June-August) and autumn (September-November) of which summer and
autumn represent the warm period and winter and spring the cold period.
Cumulative annual, seasonal and monthly total runoff volumes were determined by using
continuous flow data that include both stormwater runoff and base flow. Cumulative
stormwater volume was calculated for each month, season and year by summing stormwater
runoff of the separated events. Runoff/rainfall ratios were calculated for both total and
stormwater runoff volumes and for both warm and cold periods by using six-month
cumulative runoff and rainfall volumes of the given period. Seasonal loads were calculated by
summing the measured EMLs and loads between the sampled events. To estimate mass load
between the sampled events (meaning runoff events and base flow occurring between
sampling events), runoff volumes that occurred before and after the sampled event were
divided by two and then multiplied by the EMC of the event.
3.4.3 Statistical analysis
As for seasonal relationships between runoff quantity and quality, the relationship between
total runoff volume (cumulative volume per season) and seasonal pollutant loading
(cumulative load per season) as well as the relationship between total runoff volume and
mean seasonal EMC was tested using Spearman correlation. The PASW Statistics program
(18.0) was used to perform the analysis.
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Various statistical tests were carried out to compare event characteristics between seasons and
study catchments. The PASW Statistics program (18.0) was used to perform the following
statistical analyses. The normality of parameters was evaluated using the Shapiro-Wilk test.
Simple relationships of the runoff coefficient with precipitation, antecedent dry period,
maximum rainfall intensity and peak flow were tested using Pearson correlation. Differences
in runoff event peak flows, durations, mean runoff intensities and volumes between the study
catchments and between seasons (spring and summer) were tested using Kruskal-Wallis and
Mann-Whitney tests. In these tests, monthly averages were used as replicates even though
these measurements were not necessarily independent. Differences in runoff coefficients
between the three catchments were evaluated using the Kruskal-Wallis test. Single rainfall-
runoff events of each study catchment were used as replicates in the test.
IBM SPSS Statistics program (22.0) was used to perform the following analyses, which
concerned multiple linear regression and tests carried out before conducting regression
analysis. Before conducting multiple regression analysis, normality of the event variables
(EML, EMC, R, Dur, Qmax, Int, ADP, P, Pmax) was tested using the Kolmogorov-Smirnov
and Shapiro-Wilk tests and histograms. All data were log10-transformed to obtain approximate
normal distributions. Simple linear relationships between the log10-transformed event
variables were tested using Pearson correlation. For the Pearson correlation and regression
analyses, runoff events were divided into two groups: cold period events (snowmelt and rain-
on-snow events) and warm period events (rainfall-runoff events). Stepwise multiple linear
regression (SMLR) analysis was applied to detect relationships between runoff event
variables and EMLs at each study catchment during both cold and warm periods. A similar
SMLR analysis that combined catchment type variables and runoff event variables by
merging data of all the catchments was carried out to detect if these variables explain
variation in EML and EMC during cold and warm periods. Catchment type variables included
total impervious area (TIA, [%]) and land use type (LU) as a dummy variable (0 = low
density residential, 1 = city centre commercial-residential). Models were evaluated by plotting
model  residuals  against  the  predicted  value  and  by  normal  P-P  plots  of  the  residuals.  Serial
correlation  of  the  residuals  was  tested  using  the  Durbin-Watson  test  for  first-order
autocorrelation. Eigenvalues were checked for multicollinearity of the variables and for
outliers. Outliers were also investigated using the Mahalanobis Distance, Cook’s distance and
Leverage-values and if outliers were found, the SMLR was also performed without them and
checked if their removal changed the outcome. If so, outliers were deleted from the SMLR
analysis.
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4. RESULTS AND DISCUSSION
4.1 Weather conditions during the study period
Annual variation in the weather resulted in two distinctly divergent study years for the
research:  the  first  study  year  (2009)  had  a  warm  and  dry  winter  and  a  wet  summer,  while
during the second study year (2010) the winter was wet and the summer dry. More precisely,
in the summer of 2009 precipitation was slightly lower and in 2010 considerably lower than
the average summer precipitation in Lahti (Fig. 4). In addition, autumn precipitation was well
below average. However, annual precipitation was similar during the two years (ca. 460 and
480 mm, during the first and second year, respectively) even though in 2009, 65% of
precipitation occurred during the warm period while in the following year precipitation was
about the same between the warm and cold periods.
January and February of 2010 were exceptionally cold, whereas January 2009 was rather
warm with temperatures being above zero for a few days, and part of the precipitation during
these mild days occurred as rainfall (Fig. 4). In addition, in 2009 the ground was only
partially covered with snow. July and August of 2010 were exceptionally warm and the entire
summer was one of the warmest in Finland in the past 150 years. Otherwise, monthly
temperatures during the study period were mostly close to averages reported in Lahti during
recent years.
Fig. 4. Average monthly precipitation (mm) in Lahti (left panel) during years 1971-2000
(black bars, Kersalo and Pirinen, 2009) and during the study years (first year, 2009, light grey
bars; second year, 2010, dark grey bars) measured at the Low and Intermediate catchments
during the warm period (June-November). Cold period (December-May) data are provided by
the Finnish Meteorological Institute (Asko Hutila, personal communication). Average
monthly air temperatures (°C) (black bars) in Lahti (right panel) during years 1971-2000
(Kersalo and Pirinen, 2009) and monthly averages during the study years (first year, 2009,
light grey bars; second year, 2010, dark grey bars) (the Finnish Meteorological Institute, Asko
Hutila, personal communication).
23
4.2 Seasonal effects of urbanization
Because the results of the study and their discussion are presented together, a short summary
(in italics) with main findings is given before each sub section.
4.2.1 Runoff generation
Urbanization altered runoff generation more strongly during the warm than the
cold period: during warm seasons increasing imperviousness increased runoff
volumes, runoff intensities and the number of runoff events, while event duration
diminished. During the cold period, only the number of runoff events increased
with imperviousness and the spring snowmelt period began earlier at the city
centre catchments in comparison to the Low catchment. Cold period runoff
volumes, instead, decreased with increasing urbanization due to snow removal,
which started to notably affect snowmelt volumes when TIA reached about 60%.
Furthermore, at the High catchment with TIA of 89%, snowmelt volumes during
spring were not affected by precipitation anymore.
Urbanization resulted in clear, yet opposite impacts on runoff volumes between the warm and
cold periods (Tables 4 and 5). The first hypothesis (1), which stated that increasing
imperviousness increases runoff volumes, was supported during the warm seasons when
runoff/precipitation ratios (Table 4) and runoff coefficients (I, Fig. 6) increased along
increasing imperviousness. Furthermore, the largest differences in seasonal runoff volumes
between the catchments occurred during the warm season (I, Fig. 3), which is in line with
observations by e.g.  Buttle (1990), Dougherty et al. (2006) and Sillanpää and Koivusalo
(2015)  who showed that imperviousness has a stronger role in affecting runoff generation
during the growing season than during colder periods of the year. However, event volumes of
the summer season did not differ significantly between the catchments. Hence, differences in
seasonal runoff volumes between the catchments were explained by the large number of
runoff events at  the city centre catchments where runoff is  generated even during small  rain
events. This supports the common consensus that increasing levels of urbanization also
increase the number of storm events that generate runoff during warm months (Schueler,
1994; Moon et al., 2004; Burns et al., 2005; Huang et al., 2008; Burns et al., 2012).
Table 4. Total runoff/precipitation (stormwater runoff/precipitation in parentheses) ratios
during the warm (June-November) and cold (December-May) periods of the first and second
study year at the three study catchments (High, Intermediate, Low). The first study year was
characterised by a warm and dry winter and a wet summer, while during the second study
year, winter was wet and the summer dry.
Warm Cold Warm Cold
High 0.68 (0.64) 0.53 (0.45) 0.60 (0.53) 0.33 (0.27)
Intermediate 0.48 (0.35) 0.48 (0.28) 0.50 (0.34) 0.51 (0.36)
Low 0.12 (0.09) 0.55 (0.49) 0.08 (0.05) 0.66 (0.63)
1st study year 2nd study year
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However, urbanization caused most prominent changes in other event characteristics during
warm periods (Table 5), confirming the first hypothesis (1) that urbanization increases
seasonal runoff intensities and the number of runoff events. At the city centre catchments,
event runoff intensities (peak flow and mean runoff intensity) were higher during the warm
period than during the cold one, but at the Low catchment intensities did not differ
significantly between the two periods (I, Table 6). This resulted in a substantial difference in
runoff intensity between the low-density catchment and the two city centre catchments during
warm months. Furthermore, supporting the second hypothesis (2) on the change in occurrence
of runoff during warm seasons,  the time of concentration (I,  Table 3) and event duration (I,
Table 6) were diminished by urbanization, which again is in line with common alterations in
urban runoff generation reported in a number of studies (Schueler, 1994; Moon et al., 2004;
Burns et al., 2005; Huang et al., 2008; Burns et al., 2012).
However, differences in total runoff/precipitation ratios (Table 4) and runoff volumes
between the study catchments were smaller during the cold period than during the warm one
(I, Fig. 3). In fact, no statistically significant differences in runoff event intensities, durations
and volumes were detected between the differently urbanized catchments during spring
snowmelt (I, Table 6), which was contrary to the first and second hypotheses (1, 2) that
urbanization increases seasonal runoff intensities and volumes and shortens runoff duration.
Contrary to the warm period, cold period total runoff/precipitation ratios at the Low
catchment were almost three times the percentage of imperviousness. Hence, runoff volumes
at the Low catchment indicate that runoff is not only generated on sealed surfaces but also can
occur on permeable surfaces due to lowered evapotranspiration and saturated frozen soils
during cold seasons (Taylor, 1982; Bengtsson et al., 1992; Bengtsson and Westerström, 1992;
Semádeni-Davies and Bengtsson, 1999; Semádeni-Davies and Bengtsson, 2000). This result
is consistent with high cold period runoff ratios observed for residential catchments in Espoo,
southern Finland (Sillanpää, 2013). At the city centre catchments of the current study, instead,
ratios were similar between cold and warm periods, except during the second year at the High
catchment when winter was wet and the summer dry (Table 4). Nevertheless, contrary to the
first hypothesis (1), seasonal runoff volumes at the Low catchment exceeded volumes of the
two more urbanized catchments during spring (I, Fig. 3). This also differed from the pattern
observed for low-density and medium-density catchments (TIA 20% and 50%) in Espoo,
which had rather equal runoff ratios (69 -74%) during the cold period (Sillanpää, 2013). An
obvious reason for the exceptionally low runoff ratios in city centre catchments is that snow is
transported away from the catchment area, as for the city centre catchments the cold period
stormwater runoff/precipitation ratios were smaller than those during the warm period (Table
4).
The influence of snow transport on runoff volumes was most pronounced in the High
catchment and particularly during the second study year with snowy conditions (I, Fig. 3). At
the High catchment with TIA of 89%, the measured runoff volumes during spring were not
affected by precipitation depth anymore, as both study years produced equal volumes of
spring runoff (I, Figs. 3-5). According to snow removal statistics by the city of Lahti (2011)
during the first and second study year, approximately 130 000 m3 (2009) and 220 000 m3
(2010) of snow, respectively, was transported out of the city. Previous studies have also
reported that snow removal reduces runoff volumes in city centres (Bengtsson and
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Westerström, 1992; Semádeni-Davies and Bengtsson, 1999), but accurate measures on the
actual pollutant loads exported via snow removal are lacking. However, when comparing
results from the catchments of the current study with those of Espoo (Sillanpää, 2013), snow
removal starts affecting runoff volumes during snowmelt as the catchment TIA reaches about
60%.
The above mentioned increases in warm period runoff and snow removal are the main reasons
why increasing urbanization changed the importance of different seasons in annual runoff
generation. More precisely, at the High catchment warm period volumes always made the
largest contribution to annual volumes, whereas at the Low catchment spring contributed the
largest proportion of annual volumes each year (Fig. 5) as occurs at rural sites (Gottschalk et
al., 1979; Laurén et al., 2005). This supports the second hypothesis (2) that urbanization
changes runoff occurrence between seasons. At the Intermediate catchment where the impact
of snow removal was not as pronounced as at the High catchment, the importance of different
seasons in the generation of runoff volume was dependent on the weather: during the year
with  a  wet  winter  and  a  dry  summer,  cold  and  warm  period  runoff  volumes  were  almost
equal, whereas during the year with a dry winter and a wet summer, the warm period had the
largest contribution in annual runoff volumes.
Fig. 5. Relative contributions (proportions) of the four seasons (autumn: black bars, summer:
light grey bars, spring: dark grey bars, winter: white bars) to annual precipitation and
generating total runoff (left panel) and stormwater runoff (right panel) during the two study
years at the three catchments (High, Intermediate, Low). Values on top of the bars denote
annual  precipitation  (mm;  first  column  of  the  given  year)  and  runoff  (mm).  The  first  study
year included a warm and dry winter and a wet summer, while during the second study year
the winter was wet and the summer dry.
Despite the lack of distinct differences in cold period runoff event characteristics between the
catchments, monthly runoff volumes revealed that spring snowmelt began earlier as level of
urbanization increased  (I, Fig. 5) supporting the second hypothesis (2) on changes in runoff
occurrence during spring melt. Furthermore, the short duration of cold period events and the
large quantity of runoff events at the city centre catchments in comparison to the Low
catchment (I, Table 6) indicated that spring flow was changed from a large long-lasting event
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to smaller runoff events as urbanization increased. This follows previously found results
about the earlier snowmelt that can change the long-lasting spring runoff to small melt events
in urban areas (Buttle, 1990; Sillanpää and Koivusalo, 2015).
This thesis produced new information on catchment-scale and seasonal urban runoff
generation patterns from low-density land use up to a highly impervious city centre. Runoff
event characteristics (mean runoff intensity, peak flow, duration) differed between spring
snowmelt  and  summer  storms  in  catchments  with  TIA > 60%,  while  in  the  catchment  with
TIA of 19%, such changes did not occur between the seasons. Currently, and especially at
highly impervious (> 60%) sites, warm period runoff intensities form the basis for design
options in stormwater management. This thesis indicates that cold season runoff volume
patterns start to change due to urbanization and snow removal when TIA reaches ca. 60%. To
summarize, an increase in urbanization increases the importance of all seasons in the
mitigation of runoff volumes as the importance of spring runoff in annual runoff volumes
decreases along increasing imperviousness. However, if snow is not removed out of the
catchment, the spring season will likely play a larger role in annual volumes, also at city
centre sites.
4.2.2 Runoff quality
The largest seasonal loads and concentrations of several pollutants occurred
during the cold period even though the largest seasonal runoff volumes at the
High catchment and the highest concentrations of some pollutants at the Low
catchment occurred during the warm period. Hence, during the cold period,
pollutant load generation had two patterns, depending on land use: at the city
centre (TIA 62-89%) large spring loads originated from large pollutant emissions
and at the low-density residential catchment (TIA 19%) loads originated from the
large spring flow volume. During warm periods, pollutant loads increased along
increasing level of urbanization as did runoff volumes and pollutant
concentrations. Consequently, the importance of all seasons in the generation of
annual pollutant loads increased with urbanization.
Urbanization increased pollutant concentrations during both warm and cold periods for most
studied pollutants (Table 5). Pollutant concentrations at the city centre catchments were often
highest during cold months (Table 5) (II, Table 1) which is in line with findings of other cold
climate studies (Brezonik and Stadelmann, 2002; Helmreich et al., 2010). However, at the
Low catchment, warm period median concentrations of tot-P, TSS, Mn, Zn and Cu exceeded
concentrations of the cold period. The diluting effect of runoff from permeable and clean
areas during winter at residential catchments has also been detected by Sillanpää and
Koivusalo (2013). As a result, and contrary to the third hypothesis (3), the largest differences
in pollutant concentrations (tot-N, tot-P, Al, Mn, Cr, Co, Ni, Cu) between the three
catchments often occurred during the cold months.
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Seasonal patterns in pollutant load generation between the catchments and seasons were more
complex than those observed in runoff volumes and pollutant concentrations. Urbanization
seemed to increase most event loads during both the warm and cold period, but for instance it
was pollutant specific when the differences in seasonal loads were the greatest between the
catchments. Even though median event loads were usually largest during the summer months,
supporting the third hypothesis (3) - especially at the Low and Intermediate catchments (Table
5) (III, Table 3) - maximum event loads occurred during cold periods and EMLs showed large
temporal and spatial variation especially during the cold months.
Spring usually produced the largest seasonal proportion of annual loads at all study
catchments  (Fig.  6),  even  though  snow  removal  clearly  reduced  runoff  volumes  in  the  city
centre catchments and concentrations were diluted at the Low catchment. This is in contrast to
my fourth (4) hypothesis, which postulates that due to high levels of urbanization, largest
seasonal loads should occur during warm periods mirroring the assumed increase in runoff
volumes (Fig. 5) during the growing season. Nevertheless, some previous studies have shown
that individual snowmelt and rain-on-snow events can generate some of the highest loads in
urban areas (Hautala et al., 1995; Bäckström et al., 2003; Westerlund and Viklander, 2006;
Sillanpää, 2013), supporting findings of the current research. At the Low catchment instead,
the largest seasonal loads were expected to occur in spring when 60-90% of the annual runoff
was generated (Fig. 5). Thus, two distinct patterns for the generation of pollutant loads during
the cold period was detected: i) at the city centre, large cold month loads are greatly affected
by high pollutant concentrations caused by the winter-long pollutant accumulation and high
pollutant emissions and ii) at the low-density residential catchment, it is the massive volume
of  runoff  that  leads  to  high  spring  time pollutant  loads.  However,  summer  and  autumn also
made a large contribution to annual loads of most pollutants especially at the city centre
catchments, indicating the increased importance of the growing season in pollutant export
from urban areas.
To summarise, this thesis produced new information on catchment-scale and seasonal urban
runoff pollutant load generation in city centres (TIA > 60%) in cold climates. Even though the
largest runoff volumes occurred during warm periods in the highly impervious (TIA 89%)
city centre catchment, the largest seasonal pollutant load was generated during spring,
similarly at the other study catchments (TIA 19 and 62%), which makes the spring snowmelt
an important event to be considered in stormwater management. However, since increasing
urbanization increased the contribution of other seasons in annual pollutant load generation,
pollutant load mitigation is likely required throughout the year.
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Fig. 6. Relative proportions (two-year averages) of the four seasons (autumn: black bars,
summer: light grey bars, spring: dark grey bars, winter: white bars) generating pollutant loads
at the three study catchments (High, Intermediate, Low).
4.2.3 Relationships between seasonal runoff quality, runoff generation, and catchment
characteristics based on the multiple linear regression analysis
Up to 90% of the variation in event pollutant loads and up to 60% in event
pollutant concentrations can be described by runoff event duration, volume and
intensity. However, the mechanisms controlling runoff quality vary between warm
30
and cold periods and between event mass loads and event mean concentrations.
Seasonal variation is caused by differences in seasonal pollutant load
accumulation and runoff event characteristics, for instance by the fact that runoff
intensities are more constant during cold periods and that high peak flows occur
more frequently during warm periods.
The  key  runoff  event  factors  that  controlled  variation  in  runoff  quality  (EMC,  EML)  were
season dependent (Table 6) supporting my sixth (6) hypothesis on seasonal changes between
these factors. Runoff event duration, which strongly correlated with event volume (III, Table
4, Fig. 1), was an important explanatory factor in most runoff quality regression models
throughout the year (Table 6) (III, Tables 7-10). This is in line with many studies reporting
that  runoff  and  rainfall  volumes  strongly  regulate  pollutant  loads  of  e.g.  nutrients,  metals,
solids and ions during warm periods (Melanen, 1981; LeBoutillier et al., 2000; Brezonik and
Stadelmann, 2002; Dougherty et al., 2006; McLeod et al., 2006; Kayhanian et al., 2007;
Brodie and Dunn, 2010; Sillanpää, 2013). However, the importance (i.e., the rank of the
explanatory factor; first, second or third) and role (positive or negative impact) of runoff
duration in explaining runoff quality varied between seasons (Table 6). At the city centre
catchments, the main factors controlling EMLs during cold periods were runoff duration (the
best explanatory variable) and mean runoff intensity (the second best explanatory variable)
(III, Table 7), while during warm periods the important factors were peak flow (the best
explanatory variable) and event duration (the second best explanatory variable) (Table 6) (III,
Table 9). This change follows seasonal differences in runoff generation patterns between the
two periods: peak flows are smaller and mean runoff intensities more constant during
snowmelt events compared with summer storms (Table 5) (I, Table 6).
Table 6. Key runoff event and catchment variables affecting event mass loads (EML) and
event mean concentrations (EMC). The number of the explanatory variable indicates whether
the variable was the first, second or third best explanatory variable for runoff quality. The
positive (+) or negative (-) sign indicates whether the variable had an increasing or decreasing
effect, respectively. The percentage values in the last column indicate how well the variation
in EMLs or EMCs was explained by the explanatory variables.
Regression models for EMCs (Table 6) (III, Table 10) exhibited even stronger seasonal
differences  in  the  roles  and  importance  of  factors  affecting  runoff  quality  than  the  EML
models. For the cold period EMCs, duration was the key variable, associated with increasing
MODEL
COLD PERIOD WARM PERIOD PERFORMANCE
1. + Runoff duration 1. + Peak flow
  LOADS 2. + Mean runoff intensity 2. + Runoff duration 60-90%
  (EMLs) 3. + Imperviousness OR
     +  peak flow
  CONCENTRATIONS 1. + Runoff duration 1. + Peak flow
  (EMCs) 2. + Land use type 2. - Runoff duration OR 30-60%
    + Antecedent dry period
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concentrations. Event duration was also included in summer storm EMC models but, contrary
to snowmelt runoff, long-lasting events decreased the concentrations, i.e. high event volumes
had a diluting effect. This originates from seasonal differences in the accumulation of runoff
and  pollutants:  frequent  small  storms  during  the  warm  period  constantly  wash  off
accumulated pollutants whereas during the cold period, runoff culminates in a long-lasting
and volumetrically large end-of-spring snowmelt event. Consistent with previous studies on
warm period EMCs (e.g. of nutrients, metals, solids, ions) (Melanen, 1981; Brezonik and
Stadelmann, 2002; McLeod et al., 2006; Westerlund and Viklander, 2006; Brodie and Dunn,
2010; Sillanpää, 2013), other influential event factors, peak flow rate and antecedent dry
period, were responsible for increasing pollutant concentrations during the warm period.
Neither peak flow nor the antecedent dry period was, however, influential during the cold
period in this study.
Systematic similarities in the role of total impervious area (TIA) and land use (city centre
versus low-density residential) as key variables in the runoff quality regression models were
not observed between different pollutants.  As the seasonal outcomes of this study (II, Table
1, Fig. 3) indicated, and previous studies emphasized, TIA and land use type are important in
explaining seasonal concentrations and loads of TSS and tot-N (Melanen, 1981; Driver and
Tasker, 1990; Sillanpää, 2013). Similarly, in the regression models, these pollutant loads were
affected by imperviousness or land use type during either warm (tot-N load) or cold (TSS
concentration and load) periods, whereas metal loads and concentrations responded more
often  to  land  use  than  to  TIA  (Table  6) (III, Tables 8 and 10). As such, multiple linear
regression analysis with event data supported the same land use dependency of metal
concentrations that was shown by the median cold period metal concentrations (Mn, Zn, Cr,
Co,  Pb)  (II,  Table  1). This further confirms the importance of land use in the prediction of
metal content in the runoff (see also Melanen, 1981, and Driver and Tasker, 1990).
Regression models explained 50-90% of the variation in event loads (Table 6) (III, Tables 7-
9) indicating that runoff event variables are able to explain pollutant loads well, regardless of
season. Hence, contrary to the fifth hypothesis (5), model performances were equally good
between  the  cold  and  warm  periods  and  achieved  similar  levels  of  explanatory  power  that
have been reported for various pollutants for runoff-rainfall events (LeBoutillier et al., 2000;
Brezonik and Stadelman, 2002; Dougherty et al., 2006; Mc Leod et al., 2006; Maniquiz et al.,
2010; Sillanpää, 2013). Pollutant concentration model performances did not exhibit seasonal
variation either.  Yet, as has been shown for rainfall periods (Brodie and Dunn, 2010;
Maniquiz et al., 2010; Sillanpää, 2013), EMCs were weakly (30-60%) explained by the runoff
event and catchment variables (Table 6). This further indicates that EMCs are not only
controlled by different mechanisms than EMLs, but also that  more variables describing e.g.,
the pollutant sources are required to understand the formation of pollutant concentrations
better.
This thesis showed for the first time with regression models that there is seasonal variation in
the mechanisms that control runoff event water quality. The event-scale relationships between
runoff quality and runoff generation indicate that runoff duration, i.e. runoff quantity, and
runoff intensity are important in generating pollutant loads. Pollutant concentrations,
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however, are more difficult to predict with the runoff generation factors studied here and
require the inclusion of other factors, such as pollutant sources and anthropogenic activities.
4.3 Effects of urbanization on annual runoff generation and pollutant transport
Increasing imperviousness increased annual runoff volumes and hence most
pollutant loads, with the exception of tot-N and TOC. Pollutant concentrations of
phosphorus and some metals were also affected by land use type, indicating
differences in pollutant sources between city centre and low-density residential
catchments. However, during the year characterised by a wet winter and a dry
summer the effects of urbanization on annual runoff volumes decreased due to the
impact of snow removal and the homogenizing effect of wintry conditions on
catchments properties.
The role of imperviousness in increasing pollutant loads is well established (Novotny, 1992;
Hatt et al., 2004; Dougherty et al., 2006; Bedan and Clausen, 2009). Despite annual and
seasonal differences caused by urbanization, the first and third hypotheses (1, 3) , which
postulated that an increasing level of urbanization would increase annual runoff volumes,
pollutant loadings and pollutant concentrations was confirmed by the two-year cumulative
volumes and loads, and concentration averages. In summary, imperviousness was strongly
and  positively  related  to  (i)  runoff  volumes  (Table  4,  Fig.  5),   (ii)  loadings  of  most  of  the
pollutants  (tot-P,  TSS,  Cr,  Mn,  Co,  Al,  Zn,  Cu,  Ni)  (Table  7) and  (iii)  to  concentrations  of
some of the pollutants (tot-N, TSS, Mn, Co, Ni, Cu) (II, Fig. 2). However, when study years
were examined separately, these relationships between the catchments were not as systematic
depending on the weather conditions (dry winter and wet summer versus wet winter and dry
summer), particularly for tot-N, tot-P and Pb (II, Fig. 3).
Table 7. Two-year averages of the annual loads of pollutants at the three study catchment
(High, Intermediate, Low).
High Intermediate Low
tot-N 330 240 260
tot-P 68 47 8.1
TSS 58000 41000 5300
TOC 2104 682 768
Al 1885 1451 387
Mn 30 20 6.0
Zn 55 45 11
Cr 3.7 3.0 1.0
Co 1.4 0.9 0.2
Ni 2.4 2.0 0.4
Cu 10 5.0 2.0
Pb 2.0 2.0 0.3
kg/km²/yr
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Differences in annual pollutant concentrations were not only influenced by TIA but also by
the two distinct land use types, detected especially for the cold period concentrations.
Therefore,  the  impact  of  land  use  was  particularly  distinct  for  tot-P,  Cr,  Zn  and  Al  as  their
concentrations did not differ between the two city centre catchments (II, Fig. 2). This is in line
with previous studies reporting a strong correlation between runoff quality and land use type,
the latter of which can affect water quality through various anthropogenic activities related to
e.g., traffic, parking and population density (Novotny, 1992; Viklander, 1999; Mitchell, 2001,
2005; Göbel et al., 2006; Clark and Pitt, 2012). It is known that numerous sources of metals
exist in urban areas and that their transport is affected by several environmental factors and
mechanisms (House et al., 1993; Chiew and McMahon, 1998; D´Arcy et al., 2000; Moy et al.,
2003). As no large industrial plants are situated close to the catchments of the current study, a
large part of tot-P and metals in the city centre catchments likely derive from traffic, which is
one of their main pollutant sources of runoff in urban areas (House et al., 1993; D´Arcy et al.,
2000; Moy et al., 2003), whereas in the Low catchment with low traffic density, tot-P can also
originate from e.g., green areas, pet faeces and fertilizers. Catchments in the current study
differed from each other particularly in terms of traffic densities and road management (such
as snow ploughing and de-icing) but also in the type of buildings (detached housing or blocks
of flats) and population density (Table 3). The proportion of roofs in relation to the total
catchment area was double in the city centre catchments compared to the Low catchment.
Furthermore, the area of asphalted roads, parking spaces and yards differed notable between
the catchments as their proportions were ca 68, 40 and 7%, in the High, Intermediate and Low
catchment, respectively. Petrucci et al. (2014) showed that the primary source of Zn in an
urban catchment was roof accessories (gutters and downspouts, watertight joints and valleys),
and traffic related sources (brake pad and tyre wear). However, for Cu, brake pad wear
contributed nearly 80% of the pollutant export. These findings probably explain why Cu
concentrations in the current study increased with increasing imperviousness, while land use
best explained Zn concentrations. Furthermore, regression models described in the previous
section showed that Zn was the only substance affected by land use type throughout the year
(III, Table 10).
Only Tot-N and TOC loads were not systematically impacted by either TIA or land use type
(Table 7) and, as such, were not good variables for indicating changes caused by urbanization.
Similarly, Sillanpää (2013) reported that COD, which correlates with TOC (Mittenzwey and
Reuter, 1995), was not the best variable describing the impact of urbanization on runoff
quality. More precisely, in the current study, the smallest loads of both TOC and tot-N
occurred at the Intermediate and not the Low catchment. The reasons for this remain unclear,
but may again reflect differences in the sources of these pollutants between the catchments.
Ågren et al. (2008) reported that TOC in runoff is associated with green areas, which can also
explain the relatively high concentrations and loads generated at the low-density catchment.
However, this cannot explain the high TOC loads at the highly impervious site. As for
nitrogen, sources for runoff are various (Malmqvist, 1983; Pitt et al., 1999; Mitchell, 2001;
Moy  et  al.,  2003)  but,  as  regards  to  land  use  type,  the  high  load  of  nitrogen  in  the  High
catchment most likely originates from local traffic and the low N-retention capacity of the
catchment. At the Low catchment, instead, the high proportion of green areas with
fertilization and animal faeces likely explain the high leaching of nitrogen.
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Overall, annual tot-N loads (240-330 kg km-2) in the current study are rather low compared to
previous Finnish studies: e.g. for residential areas, Sillanpää (2013) reported average annual
tot-N loads ranging from 560 to 1010 kg km-2 and for city centre areas Melanen (1981)
estimated average annual loads to vary between 500 and 900 kg km-2. Because the water was
sampled in the current study from wet weather conditions, it is likely that tot-N export from
the study catchments has been underestimated. However, due to comprehensive pipe sewer
networks base flow originating from precipitation and surrounding soils of the storm pipes
made rather small contribution to the measured total runoff (20-30%) (I, Figs. 4 and 5).
Previous studies have shown that nitrogen transport in urban runoff is not as strongly
associated with wet-weather flow events as for other, more particle-bound pollutants
(Groffman et al., 2004; Kaushal et al., 2008; Beck and Birch, 2012; Sillanpää, 2013). As for
annual tot-P wash-off instead, especially the transport rates at the High catchment (68  kg km-
2) exceeded export rates at residential catchments in Finland (26-50 kg km-2, see Sillanpää,
2013) but were below rates (93-190 kg km-2) detected in Finnish city centres in the 1970s
(Melanen, 1981). Annual TSS loads at the city centre catchments (41 000-58 000 kg km-2)
were also below SS loads (78 000-120 000) of city centres in the 1970s (Melanen, 1981), yet
orders of magnitude higher than rates of 12 900-26 700 kg km-2 at residential catchments in
Espoo, Finland (Sillanpää, 2013). At the Low catchment instead, TSS and tot-P loads, 5300
and 8.1 kg km-2, respectively, were below other residential catchments in Finland (Melanen,
1981; Sillanpää, 2013), which was expected since TIA at the Low catchment was only 19%.
The number of studies reporting on unit loads from catchments is scarce, particularly from
city centre areas in cold climates. Neither Melanen (1981) nor Sillanpää (2013) quantified
annual metal loads from urban Finnish catchments, apart from Pb-loads (Melanen, 1981).
Melanen (1981) reported concentrations of several metals (Pb, V, Cd, Cu, Zn) of which those
detected for Zn (290-450 μg l-1) and Cu (35-190 μg l-1) in city centres (64-67% paved
surfaces) were similar to what was found in the current study: Zn (303-323 μg l-1) and Cu (47-
72 μg l-1) (II, Fig. 2). However, for Pb, the concentrations at the city centres within this study
(11-17 μg l-1) were far below the concentrations detected by Melanen (1981) (170-450 μg l-1)
indicating the change in Pb sources since the 1970s due to banning of leaded gasoline in the
beginning of 1990s. Hence, also the annual load for Pb (57-160 kg km-2) determined by
Melanen (1981) were considerably larger than measured in this study (Table 7) emphasizing
the need for updated Pb export values for pollutant load estimates in urban areas.
Concentrations of Zn, Cu and Pb (140-350, 13-40, 92-13 μg l-1, respectively) measured in the
1970s by Melanen (1981) in Finnish residential areas (30-40% paved surfaces) also exceeded
concentrations measured within this study at the Low-catchment for Zn, Cu and Pb (94, 21,
3.5 μg l-1, respectively). However, higher concentrations of Zn and Cu are probably also
explained by higher imperviousness in the study by Melanen (1981) in addition to changes in
pollutant emissions and sources during recent decades.
Export  rates  of  metals  have  rarely  been  reported  for  Finnish  rural  sites,  whilst  in  terms  of
TSS, the annual loads at each catchment of this study (Table 7) exceeded the annual export
rates of Finnish forest sites (Mattson et al., 2006), and the annual TSS loads in city centres
were the same order of magnitude as reported for agricultural areas (Puustinen et al., 2007).
As  for  nutrients,  annual  tot-P  export  was  higher  in  city  centre  catchments  (Table  7)  than
reported for forested areas (Vuorenmaa et al., 2002; Kortelainen et al., 2006; Mattsson et al.,
2006) and the same order of magnitude as in agricultural lands (Vuorenmaa et al., 2002;
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Granlund et al., 2005; Puustinen et al., 2007). However, annual tot-N loads of the current
study were similar to those at forested sites (Vuorenmaa et al., 2002; Kortelainen et al., 2006;
Mattsson et al., 2006), below the annual rates of Finnish agricultural areas (Vuorenmaa et al.,
2002; Granlund et al, 2005) and usually below the loads of agricultural areas in other Nordic
and Baltic countries (Stålnacke et al., 2014).
Even though several pollutant concentrations were below those detected in other Finnish
studies (Melanen, 1981; Sillanpää, 2013), and often lower than e.g., for agricultural lands, the
comparisons to the forest catchments show that urbanization results in significant increases in
pollutant export. More importantly, it is not even possible to compare the export of all urban
land use pollutants with rural land uses, e.g. metals which would likely underline that
urbanization can potentially affect the quality of receiving water bodies and pose a high risk
to aquatic biota and their functions. The risk caused by urban runoff pollutants can be
evaluated based on comparison of concentrations between the study catchments and
thresholds set for stormwater quality by a local water company in Stockholm, Sweden
(Stockholm Vatten, 2001), and for receiving surface waters by the Swedish Environmental
Protection Agency (2000). In all catchments studied here, median concentrations of tot-N, Cu
and Zn exceeded these thresholds (Stockholm Vatten, 2001), while median concentrations of
TSS, Cr and Pb exceeded these thresholds in the city centre catchments. Thresholds
(Stockholm Vatten, 2001) were mainly exceeded during cold months, but maximum
concentrations also exceeded these thresholds during warm periods at all studied catchments.
As  for  the  thresholds  of  receiving  water  bodies  for  Cu,  Zn,  Cr,  Ni  and  Pb  (Swedish
Environmental Protection Agency, 2000), they were exceeded by median concentrations of Cr
and Pb in the city centre catchments, especially during cold months and for Zn and Cu in all
catchments year-round.
This thesis revealed the impacts of land use and catchment imperviousness in controlling
runoff quantity and pollutant transport. Despite annual weather-depended differences in the
effects  of  urbanization  on  runoff  quantity  and  quality,  the  two-year  patterns  reveal  the  need
for the mitigation of runoff volumes and pollutant loads as urbanization increases. This study
also emphasizes the importance of accurate, long-term monitoring as only one study year
would have given notably different estimates on urban runoff and water quality in cold
climates. Specifically, results suggest that, when compared to warmer climates, winter time
precipitation - including snow removal actions - play an important role in pollutant transport
under cold climatic conditions. This study provided updated information on runoff generation,
water quality, and pollutant loads in urban areas in cold climates, particularly for metals and
for  city  centre  catchments.  The  study  also  showed  that  metals  (previously  studied  in  city
centres in Finland in the 1970s) reflect changes in urban runoff better than, for example,
nitrogen.  Hence, urban runoff studies require a survey of various pollutants.
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5. CONCLUSIONS
The  main  objective  of  my  thesis  was  to  determine  the  effects  of  urbanization  on  runoff
characteristics and to study the mechanisms affecting runoff generation and pollutant
transport during vastly divergent seasons in cold climates. The study was based on catchment-
scale  continuous  monitoring  of  runoff  quantity  and  quality  with  a  specific  emphasis  on  city
centre (TIA > 60%) sites. The study investigated the transport of several urban runoff
pollutants, e.g. metals, for which catchment-scale monitoring studies in cold climates are
scarce.
The study produced new information on seasonal urban runoff patterns from a low-density
residential catchment up to a highly impervious city centre catchment. Weather conditions
between the two study years varied considerably, providing empirical evidence of strong
annual and seasonal variation in runoff generation and water quality. The study confirmed the
importance of imperviousness in controlling annual volumes, pollutant loads and
concentrations of certain pollutants. The impacts of increasing urbanization were best
reflected in suspended solids, metals and phosphorus, whereas TOC and nitrogen did not
reveal systematic changes between the study catchments.
In this study, the impacts of urbanization on runoff characteristics appeared to be weather and
season dependent, and less straightforward than those observed in warm and temperate
climates. Imperviousness played a more important role in affecting runoff generation during
the  warm period  than  the  cold  period  and,  therefore,  the  impacts  of  urbanization  on  annual
runoff  volumes  were  stronger  during  the  study  year  with  a  dry  winter  and  wet  summer.  In
fact, during the cold period, the impacts of increasing urbanization were opposite owing to
diminished runoff volumes along increasing imperviousness due to snow removal at the city
centre catchments. Hence, the study suggests that cold season runoff volume patterns are
subject to change due to snow removal when TIA reaches ca. 60%. The warm period
contributed to the largest proportion of annual runoff in the highly impervious catchment
(TIA 89%) and the cold period in the low-density catchment (TIA 19%). In the intermediate
catchment with TIA 62%, the warm and cold periods contributed rather equally to annual
runoff volumes, depending on weather conditions. However, in each catchment spring
snowmelt usually made the largest seasonal contribution to annual loads. In the city centre
areas, this was caused by pollutant concentrations that peaked during the cold months. In the
low-density catchment, instead, the reason for large spring loads was the massive spring
snowmelt volume that even diluted some of the pollutant concentrations. Nevertheless,
increasing urbanization increased pollutant loads of both cold and warm periods and strongly
increased the contribution of warm seasons to annual pollutant export.
Urbanization also impacted other runoff factors, such as runoff intensity and duration, but
only during warm months. However, at the city centre spring snowmelt occurred earlier and
as several runoff events in comparison to the low-density development catchment. Changes in
runoff event characteristics, such as mean runoff intensity, peak flow and runoff durations
between spring snowmelt and summer storms occurred in catchments with TIA > 60%, while
in the catchment with TIA of 19% these runoff generation patterns remained similar between
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seasons. Differences in pollutant load accumulation and event characteristics (such as runoff
intensity) between the warm and cold periods resulted in different mechanisms controlling
pollutant transport during these periods. Apart from land use, the main factor increasing event
pollutant loads and concentrations during the cold period was increasing event duration,
which reflects growing event volumes. Yet, during the warm period the main increasing factor
for event pollutant loads and concentrations was peak flow, and long-lasting events actually
diluted warm period pollutant concentrations. Even though up to 90% of variation in the event
pollutant loads throughout the year was explained by hydrological event factors, predictions
of pollutant concentrations require more explanatory factors given that at maximum 60% of
the concentrations were explained by hydrological runoff event and catchment characteristics.
The  comparisons  of  pollutant  concentrations  of  urban  runoff  with  stormwater  quality  and
surface water quality criteria showed that urban runoff can pose a risk to receiving waters, and
hence runoff treatment is highly recommended throughout the year. Considering that warm
period events generally have the highest runoff intensities, traditional approaches to manage
runoff volumes based on summer storms are adequate. Yet, considering both runoff volumes
and pollutant loadings, spring snowmelt is an important design event especially in less
densely constructed housing areas. Sustainable runoff treatment is possible also during cold
periods by utilizing runoff detention or infiltration capacity of the soil. It is noteworthy that
without snow removal, cold season loads would likely be larger in city centres. Due to limited
possibilities in utilizing e.g., onsite infiltration for reducing runoff volumes during the
snowmelt period in urban areas, the mitigation of winter-time diffuse pollution in urban areas
need to focus on the control of pollutant sources instead of runoff mitigation.
This thesis was motivated by a lack of long-term, catchment-scale studies monitoring urban
runoff quantity and quality in cold climates. As a result, the study provides updated
knowledge on urban runoff generation and water quality, particularly for city centres that can
be applied in urban runoff management in cold climates. Updated information especially on
metal concentrations and loads for all types of land uses is needed, and this study provides
e.g., new unit loads for city centre and low-density residential catchments. In addition, the
study revealed further evidence of the strong seasonal variation of runoff characteristics
linked to land use type and imperviousness, which need to be taken into account in urban
runoff management and monitoring under similar climatic conditions.
This study underlines the importance of long-term urban runoff monitoring in cold climates.
Differences in runoff phenomena between the two study years showed that if monitoring had
lasted for only one year, results would have been different. In the future, studies covering
more  pollutants  and  land  use  types,  such  as  industrial  sites,  are  likely  to  increase  our
knowledge on urban runoff pollutant transport. Also, more precise estimates of the impacts of
snow removal on urban runoff are required. Moreover, pollutant sources within catchments
require thorough investigation to be able to potentially reduce pollutant emissions from these
sources. Hence, to find and develop cost-effective runoff treatment and diffuse pollution
strategies under cold climatic conditions, knowledge on the occurrence of runoff and pollutant
export (e.g. seasonality), and the effects of land use and pollutant emitting activities (e.g.
traffic, de-icing and snow removal) of a variety of pollutants need to be considered.
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